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Abstract
Fiber Reinforced Polymers (FRPs) have wide applications in the field of concrete construction due to their superior performance 
over conventional materials. This research focuses on the structural behavior of steel tube FRP jacket–confined concrete (STFC) 
columns under axial concentric loading and proposes a new empirical equation for predicting the axial load-carrying capacity of STFC 
columns having thickness of FRP-fabric ranging from 0.09 mm to 5.9 mm. A large database of 700 FRP-confined concrete specimens 
is developed with the detailed information of critical parameters, i.e. elastic modulus of FRPs (Ef), compressive strength of unconfined 
concrete (fc’o), diameter of specimen (D), height of specimen (H), total thickness of FRPs (N.tf), and the ultimate strength of confined 
concrete (fc’c). After the preliminary evaluation of constructed database, a new empirical model is proposed for the prediction of axial 
compressive strength of FRP-confined specimens using general regression analysis by minimizing the error functions such as root 
mean squared error (RMSE) and coefficient of determination (R2). The proposed FRP-confinement strength model presented higher 
accuracy as compared with previously proposed models. Finally, an equation is proposed for the predictions of axial load carrying 
capacity of STFC columns. For the validation of proposed equation, an extensive parametric study is performed using the proposed 
nonlinear finite element model (FEM). The FEM is calibrated using the load-deflection results of STFC columns from literature. A close 
agreement was observed between the predictions of proposed finite element model and proposed capacity equation.
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FRPs, axial capacity, confined concrete, concrete damaged plastic (CDP) model, finite elements model (FEM), parametric
1 Introduction
Due to the superior properties of advanced fiber-reinforced 
polymers (FRPs) such as high tensile strength, corrosion 
resistance, tailored aesthetic look, low thermal and elec-
trical conductance, high resistance to chemicals attack, 
long-term durability and dimensional stability in com-
parison with steel, their use as external wraps to enhance 
the axial strengths of structural members when the inter-
nal reinforcement is insufficient, is being used worldwide. 
FRP jacketing is also advantageous on conventional steel 
and concrete jacketing due to many factors such as easy 
handling, easy installation, slight disturbance of structure 
and less time consumption [1]. Stainless steel has favor-
able mechanical properties to be used in the structures as 
a competitive material [2]. Although the steel tube con-
finement effectively enhances the concrete strength but, 
the outward local buckling of the column will decrease 
the effectiveness of steel tube confinement resulting in the 
degradation of axial load carrying capacity and ductility 
of columns [3, 4]. Thus, the additional confinement pro-
vided by the FRP will be useful for the prevention of out-
ward local buckling [5]. FRP is also used in buildings and 
bridges due to damages in earthquake for the rehabilitation 
and retrofitting for enhancement of the strength [6–14].
A large number of studies were found in the litera-
ture that investigates the structural performance of con-
ventional and stainless steel-tube concrete compression 
members with and without FRP confinements [15–23]. 
From these studies, it was observed that the confinements 
increase the strength and strain ductility of the composite 
concrete compression members. The structural behavior of 
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the laminated composite concrete structures was superior 
to either concrete or steel structures because the concrete 
and confining material give a combined action where the 
FRP and/or steel tube plays an important role in confin-
ing the concrete core material and the concrete core mate-
rial prevents the local buckling phenomenon. It is consid-
ered that the empirical models proposed using regression 
analysis do not predict well the behavior of FRP confined 
concrete because of the reason that the behavior of FRP-
confined concrete depends upon many variables having a 
complex relationship with each other for a noisy experi-
mental data. To overwhelm this problem, a large database 
is required by minimizing the noisiness of data so that 
the proposed model for axial capacity of confined con-
crete members should be more accurate. Recently, various 
new empirical models for ultimate conditions of steel tube 
and/or FRP-confined concrete members have been pro-
posed [24–34] based on the genetic programming, regres-
sion analysis, and neural networks.
Fardis and Khalili [35] studied the FRP confined con-
crete and presented a strength model for the FRP confined 
specimens after examining the models given by Richart 
et al. [36] and Newman and Newman [37]. These mod-
els were proposed with limited mechanical and geomet-
ric variables which is the weakness of these models caus-
ing no guarantee for further applicability. By increasing 
the data points of experimental work and validation of the 
proposed models by other means such as self-supported 
experimental work and verification by nonlinear finite 
element analysis can lead the models to greater accuracy. 
Mander et al. [38] proposed new models for the ultimate 
strength and strain of internal transverse confinement of 
concrete. The models proposed by Lam and Teng [39] 
were used by ACI 440.2R-08 design guidelines with some 
minor alterations. The rupture strain of hoop fibers was 
not taken into consideration in the models for confined 
concrete proposed in the 90's and the ultimate tensile 
strain of FRPs given by the manufacturer was used but the 
recent research show that the FRPs are ruptured at usually 
lower strain as compared with actual fiber strains [39–41].
Extensive FEA simulations have been performed in 
the previous research to examine the structural behavior 
of either concrete-filled steel tubular columns (CFST) or 
FRP-confined concrete columns [42–51]. However, none 
of the researchers developed the FEA model for analyzing 
the structural behavior of steel-tube FRP confined con-
crete composite columns. Patel et al. [52] proposed a fiber 
element model based on the experimental study for the 
structural performance of circular concrete-filled stain-
less-steel tubular (CFSST) columns which predicted the 
numerical and experimental ultimate loads accurately. 
Moreover, they concluded that Eurocode 4 and ACI 318 
underestimate the axial capacity of CFSST columns sig-
nificantly. Tao et al. [53] proposed a non-linear FEA model 
of concrete-filled square stainless steel stub columns 
using ABAQUS. The FEA prediction in terms of axial 
load-axial deflection curves and ultimate axial capacity 
were in a close agreement with the experimental results. 
Furthermore, by using numerical simulations, the struc-
tural performance of carbon steel composite columns was 
compared with that of concrete-filled square stainless-steel 
stub columns. Ellobody et al. [54] and Hassanein et al. [43] 
performed FEA studies on the performance of CFSST col-
umns under concentric loading. The finite element mod-
els given by these researchers accurately predicted the 
structural performance of CFSST columns by taking in to 
account the influence of strain hardening and confinement 
mechanisms of steel tube.
1.1 Scope and significance
Most of the existing axial strength models for the FRP-
confined specimens were developed using the small num-
ber of experimental databases and curve-fitting techniques 
with limited curve fitting functions in which research-
ers cannot cover all the interrelations and combinations 
of the variables to access an accurate model. Therefore, 
further research with wider range of experimental data 
adopting the more rigorous approach is needed to propose 
a more general empirical model. In the present study, gen-
eral regression analysis was implemented for the predic-
tion of axial compressive strength of FRP-confined con-
crete using a large database of 700 concrete specimens 
externally confined with FRPs from different researches. 
Finally, a relationship for axial load-carrying capacity 
of STFC columns was proposed. The proposed model in 
the present study was validated against the predictions 
of FEA model using ABAQUS. The numerical results of 
ABAQUS were validated against the experiments of STFC 
columns from Liu et al. [22] by comparing the FEA predic-
tions with the experimental axial load-deflection behavior. 
The proposed empirical equation can accurately predict 
the load-carrying capacity of STFC columns which is 
helpful for the analysis and design of confined concrete 
structural members.
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2 Confinement mechanism of FRP
The existing empirical strength models contain some com-
mon parameters such as confinement stiffness ratio (ρk), the 
maximum confinement stress due to FRP jacket ( f l), strain 
ratio (ρ
ε
) and hoop rupture strain of FRP jacket (εh,rup). The 
relationships for ρk and ρε were presented by Teng et al. [55] 
as given by Eq. (1) and Eq. (2). 
ρ
ε
εε
= h rup
co
,� � � , (1)
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where Ef is Young's modulus of confinement sheets in the 
transverse direction of specimens, tf is the thickness of 
FRP jacket, fc'o is the compressive strength of unconfined 
concrete and εco is the axial strain of unconfined concrete. 
Fig. 1 shows the mechanics of confinement of the FRP-
jackets having a hoop diameter D. 
The relation for maximum confinement stress based on 
Fig. 1 can be written as follows:
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where, N is the number of FRP wraps. A mathematical 
expression (Eq. 4) for the hoop rupture strain of confine-
ment was established by Lim et al. [56] using the genetic 
programming formulation process which was used for the 
specimens whose hoop rupture strain was unknown.
ε
ε
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f
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, ' .
,=
0 125
 (4)
where, εf is the maximum tensile strain of fibres. Some of 
the strength models proposed in the previous researches 
for the confinement effects of FRP confined specimens 
have been presented in Table 1. The selected models have 
wide applications in the literature due to their easiness in 
applications.
3 Constructed database
In the present study, a large database of 700 confined 
concrete cylindrical specimens is formed from the previ-
ous experimental works. The diameter of specimens var-
ies from 51 mm to 406 mm having an average value of 
152 mm, the compressive strength of unconfined concrete 
varies from 12.4 MPa to 188.2 MPa, 497 specimens were 
confined with carbon fiber reinforced polymer (CFRP) 
wraps, 143 specimen were confined with glass FRP wraps, 
27 specimens were confined with aramid FRP wraps, and 
Fig. 1 Confinement mechanics of FRP sheets
Table 1 Previous strength models of FRP confined concrete specimens
Model Expression for strength of FRP confined concrete
Fardis and 
Khalili [35] 
model
Richart et al. 
[36] model
 
Newman and 
Newman [37] 
model
Mander et al. 
[38] model
Lam and Teng 
[39] model
Teng et al. [55] 
model
Karbhari and 
Gao [57] model
Saafi et al. [58] 
model
Matthys et al. 
[59] model
Toutanji [60] 
model
Samaan et al. 
[61] model
Miyauchi et al. 
[62] model
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33 specimens were confined with steel stirrups. The FRPs 
wraps with various elastic moduli such carbon fibers 
(Ef = 25 GPa to 612 GPa), aramid fibers (Ef = 14 GPa to 
116 GPa), glass fibers (Ef = 11 GPa to 101 GPa) were used 
in these researches. This database contains all the essen-
tial parameters associated with the strength enhance-
ment of concrete specimens confined with FRPs. Some 
preliminary evaluations were conducted on the previous 
experimental data of confined concrete which showed that 
some of the data points were not predicted by the existing 
strength models. Thus, those values of data were removed 
to avoid the saturation of RMSE index. The removed data 
points consisted of 50 values giving more than 30 % error. 
The strength model was evaluated using 700 data points 
using statistical indices such as R2 and RMSE. Table 2 pro-
vides statistical information about the variation of certain 
parameters associated with the specimens considered.
Where, D is diameter of column, H is height of column, 
N.tf is thickness of FRP layers, Es is elastic modulus of 
FRPs, fc'o is unconfined strength of concrete, fc'c is compres-
sive strength of confined concrete, εco is axial compres-
sive strain of unconfined concrete corresponding to fc'o, εcc 
is ultimate axial compressive strain of confined concrete 
corresponding to 0.85 fc'c.
4 Assessment of strength models
To predict the ultimate compressive strength of the 
FRP-confined concrete ( fcc), design oriented empirical 
model was proposed based on the large previous exper-
imental database of 700 FRP-confined specimens which 
is another new aspect of present study. The proposed 
model was developed using the curve fitting techniques 
in MATLAB by minimizing R2 and RMSE between the 
experimental and predicted values by previous empirical 
models. The strength models proposed by Teng et al. [55], 
Fardis and Khalili [35], Richart et al. [36], Newman and 
Newman [37], Mander et al. [38], Lam and Teng [39], 
Karbhari and Gao [57], Saafi et al. [58], Matthys et al. [59], 
Toutanji [60], Samaan et al. [61], and Miyauchi et al. [62] 
were evaluated using the database. These models were 
selected due to their easy implementation and extensive 
use in the literature. The relationships for R2 and RMSE 
are given by the Eq. (5) and Eq. (6), respectively.
R
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where, n is the sample points; x is the experimental values 
and y are the predicted values. The value of RMSE varies 
from 0 to 1 giving a perfect prediction at 0. Similarly, the 
value of R2 also varies from 0 to 1; one shows a perfect 
correlation and zero represents that there is no correla-
tion between experimental and predicted values. The dif-
ference between experimental and predicted values was 
taken as error and sum of the squared errors (SSE) was 
minimized to achieve the best fit. A smaller value of SSE 
shows a tight fit of the empirical model to the experimental 
data. The performances of the previous strength models 
with R2 and RMSE were represented in Fig. 2.
Lam and Teng [39] model, which is adopted by 
ACI 440.2R-02 [63] with some modifications, shows a good 
performance with RMSE = 0.244 and R2 = 0.903. Therefore, 
the form of the currently proposed strength model was 
similar to that of the Lam and Teng [39] model except that 
the proposed model was nonlinear in nature. The RMSE 
index of the Mander et al. [38] model, initially adapted by 
ACI 440.2R-02 [63], shows its best performance as com-
pared with other models but the value of R2 is not so good 
as that of other models. Therefore, its form was not selected 
for the proposed model. After performing a comparative 
study of the existing models and forms, the final decision 
of the best form was made as represented by Eq. (7). The 
proposed nonlinear empirical model for the strength of 
FRP confined concrete is represented by Eq. (8). 
f
f
k
f
f
cc
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co
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= +


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

1 , (7)
where, k and n are the constants determined by using gen-
eral regression analysis. The values for these constants 
were 3.09 and 0.828 giving the best fit to curve. After 
incorporating the values of constants:
f f f fcc co co l= + 3 09
0 172 0 828
.
. .
. (8)
Table 2 Statistical information of collected database
Para-
meter
D 
(mm)
H 
(mm)
N.tf 
(mm)
Ef 
(GPa)
fc'o 
(MPa)
fc'c 
(MPa)
εco 
(%)
εcc 
(%)
Min 51 102 0.09 10 12.4 18.5 0.17 0.3
Max 406 812 5.9 612 188.2 302.2 1.53 4.6
Mean 152 306 0.92 165.6 43.04 76.6 0.27 1.5
St. Dev 45 91 1.09 115.7 23.5 34.5 0.15 0.8
COV 0.3 0.3 1.19 0.7 0.55 0.46 0.56 0.5
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The behavior and performance of the proposed strength 
models is represented in Fig. 3 using the database of 700 
points with the R2 = 0.906 and RMSE = 0.204. These indi-
ces show that the performance of the currently proposed 
confinement model is better than the previous models with 
significant accuracy.
The normal distribution of confined to unconfined 
strength ratios of experimental and theoretical predictions 
for the previous database were presented in Fig. 4 and the 
distribution of confined to unconfined strength ratio of 
the database was shown in Fig. 5. The proposed analytical 
model and Richart et al. [36] model performed well for the 
mean normalized values with deviations of 1.5 % and 1 % 
from unity, respectively. The normalized predictions of 
other previous strength models were found to be conserva-
tive. It can be observed that Karbhari and Gao [57] model 
represents most of fcc/fco ratios in the range 0–1.5. Thus, the 
currently proposed model is capable of providing the close 
predictions after being successful in all investigations of 
the present work. 
Fig. 2 Performance of previously proposed strength models of FRP-confined concrete on the developed database
(a) Performance of strength models given by  Richart et al. [36], Fardis and Khalili [35], Newman and Newman [37], Mander et al. [38],  
Karbhari et al. [57], and Samaan et al. [61]
(b) Performance of strength models given by Toutanji [60], Lam and Teng [39], Teng et al. [55], Saafi et al. [58], Miyauchi et al. [62]
and Matthys et al. [59] 
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Fig. 6 represents the flow chart of the current research 
work. After collection of a large database of FRP con-
fined concrete specimens, some preliminary evaluations 
were made on it by considering some statistical parame-
ters (RMSE, SSE and R2). Finally, the empirical FRP con-
finement model was proposed using MATLAB giving the 
accurate results for strength of FRP confined concrete. 
The constants of FRP confinement model were determined 
using curve fitting technique based on the constructed 
experimental database. Thereafter, an equation was pro-
posed for predicting the axial loading capacity of STFC 
columns. The accuracy of the proposed capacity model 
was evaluated by comparing its predictions with the FEM 
predictions obtained during the detailed parametric study.
Fig. 3 Performance of proposed empirical strength model for FRP-confined specimens
Fig. 4 Normal distribution of ( fcc/fcoexp)/ ( fcc/fcopred) for FRP-confined specimens based on predictions of various strength models
Fig. 5 Distribution of fcc/fco for FRP-confined specimens based on predictions of various strength models
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5 Load-carrying capacity equation
The analytical model to predict of the axial capacity of 
STFC composite columns consists of two parts: one is 
due to confinement stress and the second is due to ulti-
mate capacity of steel tube. For the first part of the ana-
lytical capacity model, twelve different strength models 
were evaluated using some statistical parameters such as 
root mean square error (RMSE), coefficient of determina-
tion (R2) and the sum of squared errors (SSE) on the devel-
oped database to propose a general form of the analytical 
model. Fig. 2 represents the performance of different stud-
ied strength models taken from literature. The ultimate 
loading capacity (Pn) of STFC columns can be defined as:
P P Pn confinement steel tube= + � , (9)
where, P
confinement
 is the ultimate loading capacity of the col-
umn due to confined concrete and Psteel tube is the ultimate 
loading capacity of column due to steel tube. The ultimate 
loading capacity due to confinement can be expressed as:
P A fconfinement cc cc� =  (10)
where, Acc is the concrete cross-sectional core area con-
fined by FRPs and steel tube together and fcc is the axial 
strength of confined concrete. In the derived equation for 
the axial strength of confined concrete, f l' is the maximum 
combined confinement stress provided by FRP-wraps and 
steel tube together which can be represented by the Eq. (11) 
given below [64, 65]:
f k f f
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−ε ε
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where, N∙tf is the total thickness of FRP wraps,  is the out-
side diameter of the tube, Ef is the Young's modulus of 
FRPs, is the strain efficiency factor of FRP wraps with 
an average value of 0.594 [22], ts is the thickness of steel 
tube and εh,rup is the rupture strain of FRPs in hoop direc-
tion whose relation was provided by Lim et al. [56] using 
genetic programming:
ε
ε
h rup
f
cof
, .
=
0 125
. (12)
Fig. 6 Flow chart of presented research work
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Putting the value of fcc in Eq. (10) after considering the 
combined confinement effect of steel tube and FRP wraps, 
P A f f fconfinement cc co co l= +

3 09
0 172 0 828
.
. ' . . (13)
The ultimate capacity of steel tube Psteel tube can be found 
using the continuous strength method which has been 
established to exploit the strain hardening for determining 
the steel-tube cross-section resistances [23, 66, 67]. 
P Asteel tube steel tube LB� �= σ , (14)
where, Asteel tube is the gross cross-sectional area of steel 
tube and σLB is the stress defining the local buckling of the 
tube which can be measured by using Eq. (15) and Eq. (16) 
proposed by Buchanan and Gardner [67]. The maximum 
participation of steel tube in the ultimate loading capacity 
and ductility of the STFC composite columns is due to its 
strain-hardening characteristics [53].
σ ε
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where, εLB is the local buckling strain, ε0.2 is the 2 % proof 
strain of steel tube, E is the Young's modulus of steel tube 
is elastic part of the curve and Esh is the Young's modulus 
during the strain hardening in the bi-linear performance 
of steel tube. The expression between the cross-sectional 
slenderness of the tube and deformation capacity can be 
represented by the Eq. (17) as proposed by Buchanan and 
Gardner [67].
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The cross-sectional slenderness (λc) is represented by:
λ
σ
σc cr
= 0 2. , (18)
where, σ
0.2
 is the 2 % proof stress obtained from the stress-
strain performance of steel tube and σcr is the local critical 
stress in the elastic region of steel tube.
Thus, the ultimate loading capacity (Pn) of the STFC 
composite columns can be rewritten in the following gen-
eral form.
P A f f f An cc co co l steel tube LB= +

 +3 09
0 172 0 828
.
. ' . σ  (19)
This is the proposed equation predicting the maxi-
mum loading capacity of STFC columns under concentric 
loadings.
6 Validation of proposed equation
For the validation of the proposed model a numerical model 
for STFC columns was proposed and validated against the 
previous experimental results from Liu et al. [22]. There-
after, the proposed FEA model was used to perform a para-
metric study for the development of a database of STFC 
columns. Finally, the results obtained from parametric 
study were used for the comparison to the predictions of 
the proposed empirical model based on curve fitting tech-
niques. The numerical model should not be complex which 
will increase the analysis time but should be rich enough to 
capture the essential and critical phenomenon of the struc-
tural member. 
6.1 Finite Element Modelling
The FEA models of all the STFC columns were simulated 
whose bottom was restrained for all degrees of freedom 
(DOF) and the top end was kept unrestrained with the 
applied uniformly distributed axial load on the upper steel 
plate using displacement control technique. Eight full-scale 
specimens of STFC columns were modelled in ABAQUS 
under axial compressive loading. The material and geo-
metrical properties of the simulated columns are shown 
in Table 3. During the FEA simulation, the nonlinear geo-
metric parameter was also included with the specified dis-
sipation energy fraction of 0.0002 to deal with relatively 
larger displacements. The confined concrete material and 
the steel plates were modelled as deformable three-dimen-
sional stress, 8-nodded solid brick elements with the hour-
glass control and reduced integration (C3D8R). The steel 
tube and CFRP sheets were simulated using the deform-
able 4-nodded doubly curved shell elements along with 
the hour glass control and the reduced integration (S4R) 
having six DOF at each node is capable of predicting the 
buckling behavior accurately [23]. The interaction between 
the outer concrete surface and the inner steel tube surface 
was taken as a hard contact in normal direction to avoid 
the penetration of surfaces into each other and a frictional 
contact was specified in tangential direction of the member 
using a frictional coefficient of 0.25 as proposed by [54]. 
Similarly, the connection between the concrete surfaces 
and the rigid steel plates surfaces was simulated using the 
hard contact interaction and the frictional contact inter-
action with a friction coefficient of 0.35  in the normal 
direction and the tangential direction, respectively [68]. 
The surface of concrete core material was taken as master 
and the surface of steel plates was assigned as slave surface. 
The contact between the inner surface of CFRP sheets and 
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the shell elements of steel tube was defined using the con-
straint "tie" available in the ABAQUS by specifying the 
interior surface of CFRP sheets and the exterior surface of 
steel tube as slave surface and master surface, respectively. 
The node region of steel tube was tied with the surface of 
steel rigid plates by considering them as a master surface. 
Fig. 7 shows the geometry, steel tube to concrete surface 
friction interaction, applied loading and meshed elements 
of the STFC columns. The thickness of each CFRP layer 
was 0.167 mm and the ultimate strength was 3400 MPa. 
The yield strength and elastic modulus of steel tube were 
taken as 264.3 MPa and 1.88 × 105 MPa, respectively.
6.2 Calibration of model
A STFC column (L2-C40-D200) from previous work [22] 
was taken as a control specimen for calibration and val-
idation purposes. The FEA model of L2-C40-D200 was 
calibrated for different boundary conditions, geomet-
ric properties, and material properties in order to obtain 
the accurate results as compared with that of experiments 
of the axial capacity, load-deflection behavior, and failure 
patterns.
The definition of the plastic region of concrete behav-
ior requires the description of flow rule, hardening and 
softening laws and shape function of yielding surface. 
The dilation angle of concrete, which is a material param-
eter, belongs to the non-associated flow rule. The CDP 
model for the accurate simulations of the plastic behav-
ior of concrete uses the flow potential function which is 
basically defined by Drucker-Prager hyperbolic function 
as represented by Eq. (20).
G tan q ptantσ εσ ψ ψ( ) = ( ) + −0
2 2 , (20)
where, ψ is the dilation angle of concrete, ε is the eccen-
tricity of the flow potential function and σt0 is the uniaxial 
failure tensile stress. The Drucker-Prager potential func-
tion is represented by Eq. (21).
G J Ip= +2 2 1α , (21)
where, αp is a parameter of concrete called as dilatancy 
parameter. Eq. (20) and Eq. (21) can be rewritten as:
G tan q I tantσ εσ ψ ψ( ) = ( ) + −0
2 2
1
1
3
 (22)
Fig. 7 Finite element simulations (a) geometry, (b) CFRP and steel tube elements (c) interactions between various parts (d) meshed elements of the 
STFC columns (e) applied loading
(a) (b) (c) (d) (e)
Table 3 Details of geometry and material properties of simulated STFC column specimens
Specimen label
Outside diameter 
of steel tube (mm)
Height of concrete 
column (mm)
Thickness of steel 
tube (mm)
No. of CFRP 
layers
Total thickness of 
CFRP layers (mm)
Cubic compressive 
strength of concrete (MPa)
L2-C40-D200 200 600 2 2 0.334 57.1
L4-C40-D200 200 600 2 4 0.668 57.1
L2-C60-D200 200 600 2 2 0.334 66.8
L4-C60-D200 200 600 2 4 0.668 66.8
L2-C40-D260 260 780 2 2 0.334 57.1
L4-C40-D260 260 780 2 4 0.668 57.1
L2-C60-D260 260 780 2 2 0.334 66.8
L4-C60-D260 260 780 2 4 0.668 66.8
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Wu et al. [69] and Voyiadjis and Taqieddin [70] sug-
gested that the value of αp should be between 0.2 and 
0.3. Using this range of αp, the value of ψ should be in 
between 31o and 42o. Therefore, this parameter of the 
plastic behavior of concrete was calibrated using the 
load-deflection curve of control specimen (L2-C40-D200) 
for the values of 30o, 33o, 36o, 39o, 42o and 45o in order 
to achieve the accurate predictions. The best approxima-
tion was achieved using 30o for ψ which was selected for 
the control model (L2-C40-D200) as shown in Fig. 8(a). 
It was examined that the effect of ψ was significant in 
the post-buckling behavior of concrete but was negligible 
inelastic behavior.
The sensitivity of the load-deflection performance of 
the control specimen due to viscosity parameter of con-
crete as shown in Fig. 8(b). For the better convergence of 
FEA results, a smaller value should be used for the vis-
cosity parameter. The time increment size influences this 
parameter and its value should always be approximate 
15 % of time increment size for achieving the good results 
as compared with experimental results [71]. The ultimate 
axial strength of control specimen was increased up to 
27 % when the viscosity parameter was increased from 
0.0009 to 0.009. The selected value of this parameter was 
0.005 because of the good results at this value in compari-
son with the experimental load-deflection response.
(a) (b)
(c) (d)
(e) (f)
Fig. 8 Sensitivity of different parameters on load-deflection performance of control model (a) dilation angle, (b) viscosity parameter, (c) eccentricity, 
(d) stress ratio, (e) shape factor, (f) mesh size of elements
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The sensitivity due to eccentricity ( was also investi-
gated for the convergence of the control FEA model. After 
the sensitivity analysis, it was investigated that the varia-
tion of ε has no significant effect on the axial load-deflec-
tion response of the control model. Therefore, the default 
value for ε was used in the current research as shown in 
Fig. 8(c). The sensitivity analysis to determine the effect 
of uniaxial to biaxial stresses ratio (σb0/σc0) was performed 
concluding that the value of 1.16 gives better results as 
presented in Fig. 8(d).
The study of the effect of Kc on the load-deflection 
behavior predicted the value of Kc as 0.667 as represented 
in Fig. 8(e). Using a relatively smaller value of Kc (0.5) 
does not allow the concrete for degradation and using a 
larger value (1.0) allows the control specimen to fail at 
smaller load and smaller deflection. The value of 0.667 
gave the best approximation with the experimental results 
and hence, was selected.
Element sizes of 15, 20, 25, 30, 35 and 40 mm were stud-
ied to determine the mesh size giving the best approxima-
tion to the experimental curve of load-deflection of STFC 
columns. At 15 mm mesh size, the ultimate load and cor-
responding axial deflections were 108 % and 107 % than 
that of 25 mm mesh size. A close agreement between the 
FEA and the experimental predictions of load-deflection 
response was obtained using the elements of 25 mm size 
which was selected for the further analysis of the STFC 
columns and their parametric study. The effect of different 
mesh sizes is represented in Fig. 8(f).
The element library of ABAQUS consists of various 
types of 3D stress and shell elements. The 3D concrete 
material was calibrated for triangular elements (C3D15H 
and C3D6H), hexahedral elements (C3D20R and C3D8R) 
and tetrahedral elements (C3D10H and C3D4H). A close 
relation between FEA predictions and that of experiments 
was obtained using 8-noded brick elements (C3D8R) of 
concrete which is also reported by the literature [72-74]. 
The calibration for elements types of steel tube and CFRP 
sheets was conducted using the quadrilateral and triangular 
shell elements. The quadrilateral elements consist of linear 
and quadratic conventional shell elements (doubly curved) 
with reduced integration for large strains (S4R and S8R) and 
the triangular elements consist of linear and quadratic shell 
elements (S3R and STRI65) which were used in the cur-
rent research for the convergence purpose of control model 
as represented in Fig. 9. A standard 4-noded shell element 
(doubly curved) with hourglass control and reduced inte-
gration presented the close agreement among experimental 
and FEA predicted results of the load-deflection behavior 
of control specimen (L2-C40-D200). Generally, it was con-
cluded that the sensitivity of varying the elements types on 
the load-deflection performance was not significant.
6.3 Load-deflection behavior
The structural response of STFC columns in terms of axial 
load-deflection curves was represented in Fig. 10. The 
parameters of the plastic behavior of concrete in the mod-
ified CDP model were taken as same for all the specimens 
Fig. 9 Load-deflection behavior of control finite element model for different element types (a) linear plain stress, (b) quadratic plain stress, 
(c) quadrilateral elements of steel tube and CFRP shell elements, (d) triangular elements of steel tube and CFRP shell elements
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after calibration. It can be observed from the Fig. 10 that the 
FEA model captured the experimental results accurately in 
the elastic as well as inelastic behavior of columns. 
The maximum percentage difference between the 
experimental and numerical results of the ultimate axial 
capacity was observed for the specimen having com-
pressive strength of 40MPa, 4 CFRP layers with a con-
crete core diameter of 260 mm (L4-C40-D260) that was 
8.91 %. It was also noticed that the experimental results 
of eight STFC (with CFRP sheets) columns were stiffer 
that the predictions of the FEA model in elastic region 
but, in the inelastic region, there was a good agreement 
between them. Similarly, the maximum percentage differ-
ence for the deflection at ultimate load was observed for 
the specimen L2-C40-D260 with a value of 7.85 %. The 
average percentage discrepancies in the ultimate strength 
and the deflection at that strength of the STFC columns 
were 5.76 % and 2.86 %, respectively. These discrepancies 
may be ascribed to the small imprecisions resulting from 
the differences between the actual testing conditions such 
as boundary conditions, initial geometric imperfections, 
strength of concrete material, strength of steel material, 
manufacturing faults, accuracy of the testing instruments 
and the conditions assumed in the FEA modelling. The 
difference may also be attributed to definition of the dam-
age evolution parameters of CFRP material and the fric-
tion coefficients assumed for the contact property between 
the steel and concrete materials. However, the proposed 
constitutive FEA model seems to accurately capture the 
behavior of STFC columns.
Fig. 10 Experiments and FEA results of load-deflection response of steel-tube CFRP confined concrete columns (a) L2-C40-D200, (b) L4-C40-D200, 
(c) L2-C60-D200, (d) L4-C60-D200, (e) L2-C40-D260, (f) L4-C40-D260, (g) L2-C60-D260, (h) L4-C60-D260
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6.4 Parametric studies
After validating the selected FEA model through exper-
imental results of eight STFC columns, 216 models were 
analyzed to examine the effect of CFRP layers, uncon-
fined concrete strength ( fc'o), thickness of steel tube (ts) and 
diameter of outside steel tube (D) on the axial capacity. 
Different values of the parameters for the parametric study 
were given in Table 4. The height of all the specimens was 
600 mm. The yielding strength (264.3 MPa) and elastic 
modulus (1.88 × 105 MPa) of steel tube and the ultimate 
strength CFRP sheets (3400 MPa) were taken according 
to Liu et al. [22].
6.4.1 Effect of CFRP layers
Six levels of CFRP layers were studied: 0, 1, 2, 3, 4 and 5 
layers, respectively. Throughout the parametric study, the 
thickness of each CFRP layer was taken as 0.167 mm. It 
was observed that when CFRP layers were increased from 
0 to 5 at contact ts of 2 mm and constant D of 200 mm of 
the column with the increase of fc'o from 15 MPa to 65 MPa, 
the percentage increase in the capacity of STFC column 
was 179.01 %. Similarly, with the increase of CFRP layers 
from 0 to 5 while increasing the ts from 0.5 mm to 3 mm at 
constant fc'o of 25 MPa and constant D of 200 mm, the per-
centage increase in the capacity was 64.02 %. Moreover, 
the effect of increase of CFRP layers was 1282.69 % for 
the axial capacity with the increase of D from 100 mm 
to 350 mm at constant fc'o of 25 MPa and ts of 2 mm. The 
sensitivity of CFRP layers on the ultimate axial capacity 
of columns with the increase of fc'o, ts and D was separately 
presented in three-dimensional Fig. 11(a–c). It can be mon-
itored that the effect of increase of number of CFRP lay-
ers along with the increase of diameter was more dominant 
with the percentage increase of 1282.69 % in axial capacity.
6.4.2 Effect of unconfined concrete strength (fc'o)
The effect of variation of fc'o on the ultimate axial capacity 
was represented in Fig. 11 (a, d, e). The plastic parameters 
of concrete were kept same for the parametric study, but 
the compressive and tensile behavior was changed accord-
ingly. It was observed that with the increase of fc'o from 
15 to 65 MPa along with the increase of CFRP layers from 
0 to 5 at constant ts of 2 mm and constant D of 200 mm, the 
percentage increase of 179.01 % and 15.75 % occurred for 
axial capacity. When fc'o was increased with the increase 
of ts from 0.5 mm to 3 mm, the percentage increase of 
222.23 % was observed for ultimate capacity. Similarly, 
the effect of increase of fc'o was 2157.44 % due to increase 
of diameter of columns for axial capacity. 
Table 4 Variables for finite elements parameter study
Parameters Constant Values Varying Values
CFRP layers 2 0, 1, 2, 3, 4, 5
fc'o (MPa) 25 15, 25, 35, 45, 55, 65
ts (mm) 2 0.5, 1, 1.5, 2, 2.5, 3
D (mm) 200 100, 150, 200, 250, 300, 350
Fig. 11 Effect of CFRP layers, concrete strength, steel tube thickness and diameter of columns on the ultimate axial capacity of columns
(a) effect of fco and CFRP layers, (b) effect of ts and CFRP layers, (c) effect of D and CFRP layers, (d) effect of ts and fco, (e) effect of D and fco,  
(f) effect of D and ts
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6.4.3 Effect of steel tube thickness (ts)
The thicknesses of 0.5, 1, 1.5, 2, 2.5 and 3 mm of steel tube 
were investigated to observe their effect on the capacity 
of columns. By increasing the ts from 0.5 mm to 3 mm 
along with the increase of number of CFRP layers from 0 
to 5 layers, the percentage increase of 64.02 % occurred 
in ultimate capacity. Similarly, with the increase of ts from 
0.5 mm to 3 mm, the percentage increase of 1192.63 % 
for capacity occurred with the incrementation of diameter 
from 100 mm to 350 mm at constant fc'o of 25 MPa and two 
CFRP layers as shown in Fig. 11.
6.4.4 Effect of diameter of column (D)
The diameter of columns (D) was studied up to 6 levels: 
100, 159, 200, 250, 300 and 350 mm to determine its sen-
sitivity on the load-deflection behavior of STFC columns. 
The effect of variation of D was presented in Fig. 11(c, e, f) 
for ultimate capacity. It was observed that the effect of 
increase on diameter of column remained more significant 
for the increase of ultimate capacity of columns. The per-
centage increases of 1282.69 %, 2157.44 % and 1192.63 % 
were observed for ultimate capacity while increasing the 
diameter up to 350 mm with the increase of number of 
CFRP layers from 0 layer to 5 layers, fc'o from 15 MPa to 
65 MPa and ts from 0.5 mm to 3 mm, respectively.
Hence, it can be deduced from the extensive paramet-
ric study that the effect of increasing the CFRP layers, 
unconfined strength pf concrete, thickness of steel tube, 
and diameter of the STFC columns was significant for 
the increase in their capacity with the dominant effect of 
increase of diameter.
6.5 Comparison of predictions
For the validation of the proposed empirical model, a com-
parative study was performed between the FEA results 
of 216 specimens achieved from the numerical paramet-
ric study and the predictions of the proposed analytical 
model. Fig. 12 shows the comparison between the pre-
dictions of proposed analytical model and the proposed 
constitutive FEA model with the coefficient of determina-
tion (R2) of 0.93 %.
7 Summary and conclusions
The aim of this study is to evaluate the effectiveness and 
reliability of FRP confinement on concrete compres-
sion members and to propose a new empirical equation 
of load-carrying capacity of STFC columns. For valida-
tion of proposed equation, a constitutive FEA model of 
STFC composite columns was proposed using a mod-
ified CDP model after calibrating for different variables 
and boundary conditions. The FEA results of STFC col-
umns were evaluated in comparison with that of previous 
experiments and observations which confirmed the capa-
bility of the proposed constitutive numerical model to cap-
ture the behavior of STFC columns accurately. A numer-
ical parametric study using the proposed FEA model was 
also carried out to examine the effect of different criti-
cal parameters, geometric configurations and material 
characteristics on the structural performance of compos-
ite columns. Finally, the validation of proposed equation 
was performed using the FEA results of 216 specimens. 
The main conclusions drawn from the current research 
work are as given:
Fig. 12 Comparative study of axial capacity obtained from FEA and proposed model
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1. The currently proposed strength model for FRP-
confinement on compression members performed 
well on the previous experimental database of 700 
samples with R2 = 0.91 and RMSE = 0.20. This rep-
resents that the currently proposed FRP-confinement 
strength model is more accurate as compared with 
previously proposed models in literature.
2. The proposed capacity equation for STFC columns 
considers the confinement effects due to both steel 
tube and FRP-wrapping to effectively predict their 
performance.
3. The FEM proposed in the present study shows 
that the average percentage discrepancies between 
experimental and finite element results for STFC 
specimens were 5.76 % and 2.86 % for axial loads 
and corresponding axial deflections, respectively. It 
shows that the FEM traced the experimental behav-
ior of STFC columns accurately.
4. The parametric study using the proposed FEM rep-
resents that with the increase of unconfined concrete 
strength from 5 MPa to 50 MPa, there is a significant 
increase in confined concrete strength increases up 
to 193 %. By increasing the thickness of FRPs from 
0.15 mm to 1.05 mm, there is a minor increase in 
confined concrete strength up to 55 %. Similarly, the 
effect of increase of elastic modulus of FRPs on con-
fined concrete strength is significant. But the effect 
of increase of diameter of concrete was opposite i.e. 
at lower values of diameter, the value of confined 
concrete strength was higher.
5. The confinement of steel-tubed columns using FRP 
material effectively prevents the outward local buck-
ling and improves the structural performance in 
terms of axial loading capacity and axial deflection 
of columns. After the yielding of confining steel tube 
material, the impact of confinement is increased due 
to the incorporation of FRP material showing the 
column as an efficient structural member.
6. The proposed capacity equation based on the regres-
sion analysis for predicting the ultimate axial load-
ing capacity of STFC composite columns presented 
a close agreement with the predictions of FEA model 
with a coefficient of determination of 0.93 %. Thus, 
the proposed capacity equation can be used for the 
analysis and design of STFC columns accurately.
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